Yersinia pathogenesis will not be discussed here. The final group of pathogens (pathogenic E. coli and Helicobacter pylori) we will take a closer look at here Summary do not invade their host cells but subvert the actin cytoskeleton from outside with the aim to colonize spe-Exploitation of the host-cell actin cytoskeleton is pivcialized niches in the stomach or gut and to gain an otal for many microbial pathogens to enter cells, to advantage over commensals with less sophisticated disseminate within and between infected tissues, to adhesion mechanisms. prevent their uptake by phagocytic cells, or to pro-Over the years, all these events have been extensively mote intimate attachment to the cell surface. To accomstudied and, therefore, now belong to the best-underplish this, these pathogens have evolved common as stood facets of host-pathogen interaction. Because variwell as unique strategies to modulate actin dynamics ous different aspects of host-pathogen interaction acat the plasma membrane, which will be discussed companied by drastic actin cytoskeleton reorganization here, exemplified by a number of well-studied bacteor poisoning have recently been reviewed elsewhere rial pathogens. (Aktories and Barbieri, 2005; Gouin et al., 2005; Vogelmann et al., 2004), we are mainly aiming here at dis-Introduction cussing recent progress in our understanding of the molecular regulation of bacteria-plasma membrane in-During their long lasting coexistence with their hosts, teractions driving local actin reorganizations. microbial pathogens have evolved a variety of strategies to survive in the host, for instance, by avoiding or Subversion of the Host-Cell Actin Cytoskeleton resisting various immune defense mechanisms or by Leads to Triggered Invasion of Salmonella replicating in protected niches such as the host-cell cy-Infections with Salmonella sp. are a common cause of toplasm. Many bacterial pathogens are accomplishing food-borne gastroenteritis in humans but can also lead this by employing an arsenal of highly sophisticated to severe systemic typhoid fever. Actin cytoskeleton remechanisms that subvert the cellular actin cytoskeleorganization accompanying the induced phagocytosis ton to trigger their internalization into normally nonby epithelial cells of nontyphoidal strains of Salmonella phagocytic host cells in order to escape the humoral species like S. enterica (Serovar typhimurium) is probaimmune defense. One common mechanism to stimubly among the most intensely studied paradigms of a late actin assembly in the host cell is activation of the bona-fide host-pathogen interaction (Hayward and Kor-Rho-family GTPases Rac1 and Cdc42, both of which onakis, 2002; Patel and Galan, 2005). Ingested Salmonelare capable of eliciting Arp2/3-complex activation via lae interact with the surfaces of epithelial cells of the proteins of the WASP and WAVE families (reviewed in small intestine after the translocation of so-called ef-Stradal et al. [2004]). Upon contact with host cells, fector proteins by a type III secretory system (T3SS) some pathogens are delivering distinct effector pro-(Galan, 2001), which trigger host-cell actin cytoskeleton teins directly into the host-cell cytoplasm (e.g., Salmorearrangements culminating in bacterial invagination nella and Shigella). These effectors exert their activity (Figure 1). Noteworthy, the translocon, an integral part either by directly affecting actin polymerization or by of all T3SSs that confers direct host-cell contact and activating cellular upstream regulators of actin polyforms the pore through which effectors are delivered, merization. Other pathogens like Listeria, Yersinia, or consists of proteins that can act as (translocated) effec-Neisseria can induce their uptake into nonphagocytic tors themselves (Buttner and Bonas, 2002; Coombes cells through stimulation of a unique combination of and Finlay, 2005). One prominent example for this is the signaling pathways, which normally would bring about pore forming component SipC because it also directly cell adhesion, migration, or growth-factor-induced memmodifies the host cell actin cytoskeleton (see also bebrane ruffling. These pathogens do not secrete virulence low). Six effector proteins have so far been demonfactors to stimulate their envelopment but instead enstrated to directly or indirectly target actin or regulators gage host-cell receptors in an uncommon way or locally of the actin polymerization machinery (Figure 2A). Salbring together an uncommon set of receptors at the sites monella outer proteins (Sops) E, E2, and B induce actin cytoskeletal rearrangements indirectly by activation of the Rho-family GTPases Cdc42 and Rac1. Although SopE nase has a central role in in vitro cellular internalization of Staphylo-Naumann, M. (2003). Helicobacter pylori CagA protein targets the coccus aureus. Cell. Microbiol. 5, 417-426.  c-Met receptor and enhances the motogenic response. J. Cell Biol.  161, 249-255.  Friebel, A., Ilchmann, H., Aepfelbacher, M., Ehrbar, K., Machleidt,  W., and Hardt, W.D. (2001) . SopE and SopE2 from Salmonella typhi -Coombes, B.K., and Finlay, B.B. (2005) . Insertion of the bacterial murium activate different sets of RhoGTPases of the host cell. J. type III translocon: not your average needle stick. Trends Microbiol.
particle motility, which-among other factors-requires the actin depolymerizing activity of ADF/cofilin (Loisel et al., 1999) . Last, SipA can cooperate with SipC in actin-filament nucleation and bundling (McGhie et al., 2001) . Interestingly, SipC-mediated bundling and nucleation of actin filaments can be separated and are confined to the N and C terminus, respectively (Hayward and Koronakis, 1999) . As an integral part of the effector translocation machinery, SipC is essential for invasion (Kaniga et al., 1995) . However, the precise contribution of the actin-modulating activities of SipC to the elicitation, maintenance, and/or turnover of the membrane ruffles driving Salmonella entry are still controversial (Cain et al., 2004; Patel and Galan, 2005) from the cytosol and to mostly associate with the plasma In contrast, SopB (also termed SigD) is an inomembrane, although overexpression in noninfected fibrositol polyphosphatase, which was suggested to affect blasts or T3SS-mediated translocation of FLAG-tagged invasion by indirect activation of Cdc42 (Zhou et al., variants revealed quite distinct subcellular localizations 2001) but also by promoting membrane fission (Terebiz- (Cain et al., 2004) . Most significantly, although SopE nik et al., 2002). Remarkably, S. typhimurium has not and E2 seemed to associate with the tips or along the only evolved to stimulate the activition of Rho-family shafts of induced peripheral filopodia, SopB promi-GTPases but also to downregulate them. One prominently targeted lamellipodia. In contrast, SipA and C nent effector, termed SptP, displays GAP (GTPase-actiappeared to accumulate on both filopodia-and lamellivating protein) activity toward Rac1 and Cdc42 (Fu and podia-like structures at the cell periphery (Cain et al., Galan, 1999) and was demonstrated to downregulate 2004). The nature of these differences is currently uncytoskeletal reorganization after entry ( Salmonella typhimurium (A) and Shigella flexneri (B) are two evolutionary related gramnegative pathogens, both of which induce host cell invasion by delivery of virulence factors employing a mxi/spa type III secretion system (T3SS). During uptake, both pathogens stimulate massive actin-based membrane ruffling, finally resulting in envelopment of the bacterium. Although some of the translocated virulence factors share sequence homologies, elicited signaling appears to differ clearly. (A) Salmonella translocates three proteins that are mimetics of small Rho GTPase regulatory enzymes, namely the Rac and Cdc42 GEFs SopE and SopE2 and the GAP SptP, which reverts cellular GTPase levels to normal after invasion. The factor SopB is an inositol polyphosphatase, which impacts indirectly on Cdc42 activation and is, furthermore, important for later steps of intracellular persistence. The effectors SipA and SipC directly interact with actin, thus inducing de novo polymerization and stabilization of F-actin. (B) Shigella activates the Rho-GTPases Rac and Cdc42 only indirectly in an IpaCand IpgB1-dependent fashion. Moreover, Shigella invasion is accompanied by activation of Src family kinases leading to cortactin recruitment and phosphorylation. VirA induces local depolymerization of microtubules at bacterial entry sites and was described to increase Rac-dependent membrane ruffling. IpaA binds to the actin binding and focal-adhesion protein vinculin and recruits it to the Shigella entry focus. Although IpaA and IpaC are orthologs of the Salmonella effectors SipA and SipC, their specific effects on cellular signaling seem to be surprisingly divergent. Moreover, Shigella cross talk with the host was described to elicit activation of the tyrosine kinase c-Abl with subsequent Crk phosphorylation, an event that is required for efficient Rac and Cdc42 activation (for details see text). Once invasion is complete, intracellular behavior of Salmonella and Shigella differs significantly. Salmonella resides in and modifies the phagosome, whereas Shigella escapes from it acquiring intracellular actin-based motility mediated by the bacterial surface protein IcsA, which recruits the cellular actin polymerization machinery (see Table 1 ). ferent types of cellular protrusions, i.e., filopodia and Triggered Entry of Shigella Shigella flexneri, the causative agent of bacillary dyslamellipodia, respectively, are among the most promienteria in humans, invades epithelial cells in a process nent (Raftopoulou and Hall, 2004; Small et al., 2002) . accompanied by actin cytoskeletal rearrangements remi-Moreover, Rac1 can also be activated downstream of niscent of those observed during Salmonella entry Cdc42 (Hall, 1998) 
monocytogenes expresses eight internalins, the sembly at the plasma membrane because independent function of most of which is unclear, that compose a studies indicated a stimulation rather than abolishment family of proteins that share differing numbers of leuof lamellipodia protrusion and membrane ruffling upon cine rich repeats (LRR) (Vazquez-Boland et al., 2001). RNAi-mediated suppression of cortactin expression
The two best-understood mechanisms, both by themand-as opposed to Shigella-no interference with Salselves sufficient to induce uptake into cells, are medimonella invasion ( both growth factor-and integrin-signaling to the actin
S. aureus causes a wide range of persistant infections cytoskeleton. FAK colocalizes with integrins at focal and toxigenic illnesses in humans varying from arthritis adhesions and, upon activation, associates with Srcto pneumonia and endocarditis, whereas S. pyogenes family tyrosine kinases, which then promote tyrosine infections can result in rather mild diseases such as phosphorylation of various substrates, resulting in maspharyngitis but can also cause severe complications sive cytoskeletal reorganization, a prerequisite for celsuch as necrotizing fascilitis and toxic shock-like synlular motility processes (reviewed in Schlaepfer and Midrome. tra [2004]). During the initial infection phase, Yersinia adhere to
Therefore, it is not surprising that various microbial specialized cells within the gut epithelium, the M cells, pathogens exploit integrin-induced cytoskeletal reorprimarily through the outer membrane protein invasin. ganization to achieve actin-driven microbe uptake.
Noteworthy, M cells were described to be an important
Overexpression both Nck-dependent and -independent pathways contribute to N-WASP and Arp2/3 recruitment during EPEC mutants proved that N-WASP is indeed essential for actin assembly and pedestal formation induced by both pedestal formation. Notably, Nck-independent actin assembly is mostly driven by interaction of an unknown EPEC (Lommel et al., 2001) and EHEC (Lommel et al.,  2004) and allowed the separation of N-WASP modules host-cell SH2 adaptor with the region around phosphorylated Tyr474 and-to a lesser extent-with resi-mediating recruitment versus stimulation of actin assembly. Not surprisingly, the C-terminal WA domain dues around an additional, newly identified tyrosine residue, Tyr454 of Tir EPEC (Campellone and Leong, required for Arp2/3 binding and activation turned out to be absolutely essential for actin assembly at sites of 2005). Interestingly, the A36R protein of Vaccinia virus, which is essential for the actin-based motility of this EPEC/EHEC attachment. Nevertheless, these pathogens have evolved distinct strategies to accomplish pathogen on the cell surface, also harbors two phosphorylatable tyrosine residues (Y112 and Y132) that by N-WASP recruitment. Interestingly, the C-terminal domains of Tir proteins from EPEC and EHEC are not as direct interaction with Nck and Grb2, respectively, synergistically mediate N-WASP-recruitment and activa-homologous as the rest of the proteins, with the most striking difference being a tyrosine residue at position tion at the viral surface (Frischknecht et al., 1999;  Scaplehorn et al., 2002) . This remarkable example of 474 of Tir EPEC , which is absent from Tir EHEC , and the phosphorylation of which appears critical for EPEC convergent evolution highlights the significance of N-WASP in driving focal actin assembly at the plasma pedestal formation (Kenny, 1999) . In addition, C-terminal Tir EPEC was demonstrated capable of directly in-membrane. Finally, attempts to identify the host cell kinase (or kinases) responsible for Tir phosphorylation teracting with the SH2-domain of the SH2/SH3 adaptor proteins Nck1 and Nck2 (Gruenheid et al., 2001) Odenbreit et al., 2000) . The hummingbird epithelial barrier disruption was also found for EHEC phenotype is developed upon translocation of CagA to EspF and, in addition, for its cryptic prophage, encoded EspF-related protein EspF U (Viswanathan et al., 2004) the cytosol of gastric epithelial cells and characterized List of virulence factors and essential host cell factors recruited by the respective pathogens to induce actin-tail formation. Note, that in vitro reconstitution of Listeria and Shigella motility revealed that capping protein and ADF/cofilin are also essential for actin-tail formation but are not recruited by the pathogen. a Not formally proven to be essential. b Not essential but important factor recruited by the ActA. c Pathogen resides extracellular and factor acts through the plasma membrane. For most of these pathogens, bacterial and/or cellular fac-formation was suggested by Mimuro and colleagues, who found that phospho-CagA can associate to the tors have been identified that are essential for or at least contribute to polarized actin polymerization lead-SH2-domain of the Grb2 adaptor, leading to activation of SOS and, thus, of Ras, inducing growth factor-like ing to rocketing motility. So far, the overwhelming majority of bacterial factors identified utilize Arp2/3 com-downstream signaling (Mimuro et al., 2002) . In addition, CagA phosphorylation results in subsequent dephos-plex activation to promote actin tail formation (see Table 1 ). However, an in depth discussion on the dif-phorylation of the actin-associated protein cortactin, which is then translocated to cellular processes, the ferent strategies employed to allow for Arp2/3-complex recruitment and/or activation or on other cellular fac-formation of which typically accompanies the morphological changes of the hummingbird phenotype (Sel-tors that aid actin-based motility and efficient vectorial spreading can be found elsewhere (for recent reviews bach et al. 
